Aims: Radiotherapy is an important treatment for many types of cancer, but a minority of patients suffer long-term side-effects of treatment. Multiple lines of evidence suggest a role for circadian rhythm in the development of radiotherapy late side-effects. Materials and methods: We carried out a study to examine the effect of radiotherapy timing in two breast cancer patient cohorts. The retrospective LeND cohort comprised 535 patients scored for late effects using the Late Effects of Normal Tissue-Subjective Objective Management Analytical (LENT-SOMA) scale. Acute effects were assessed prospectively in 343 patients from the REQUITE study using the CTCAE v4 scales. Genotyping was carried out for candidate circadian rhythm variants. Results: In the LeND cohort, patients who had radiotherapy in the morning had a significantly increased incidence of late toxicity in univariate (P ¼ 0.03) and multivariate analysis (P ¼ 0.01). Acute effects in the REQUITE group were also significantly increased in univariate analysis after morning treatment (P ¼ 0.03) but not on multivariate analysis. Increased late effects in the LeND group receiving morning radiotherapy were associated with carriage of the PER3 variable number tandem repeat 4/4 genotype (P ¼ 6 Â 10
Introduction
Circadian rhythms are 24 h endogenous biological cycles that infiltrate every aspect of physiology, biochemistry and behaviour in higher organisms. The phasing of these rhythms can be adjusted by environmental factors such as light and temperature, feeding times and genotoxic agents. Circadian timing regulates rhythmic events in the cell cycle, DNA repair, apoptosis and in the immune system [1] .
There is strong evidence that the response to xenobiotics, including drugs, varies according to circadian rhythms, both in terms of efficacy and side-effects [2] . This has been particularly demonstrated for some anti-cancer agents [3e6] .
The main tissue at risk for acute and late effects of breast radiotherapy is the skin and subcutaneous connective tissue. Fibroblasts in the dermis and keratinocytes in the epidermis show diurnal variation in cell proliferation activity regulated by circadian rhythm genes [7] . The skin is subject to damage from the ultraviolet irradiation from the sun. It has been postulated that the pattern of skin cellular proliferation has adapted to this potentially harmful effect during daylight hours and is under circadian control [8] . Although ultraviolet irradiation only penetrates as far as the dermis it has similar effects on the epidermis as much more penetrating X or gamma rays. Proliferating cells are more radiosensitive or ultraviolet sensitive than nondividing cells (in G0) and radiosensitivity varies throughout the cell cycle. Cells in the DNA synthetic phase (S phase) are the least sensitive and cells just before mitosis or during mitosis are the most sensitive (G2/M phases) [9] .
In humans, the maximum number of dividing epidermal cells are in the radioresistant S phase at the time of maximal potential solar exposure [8] . Janich and colleagues [7] identified five peaks of circadian gene activity and proliferation events in human keratinocytes in a 24 h cycle. Three of the observed peaks were in the late evening and early morning hours and were related to keratinocyte differentiation. The other two peaks were in the afternoon and evening hours and were related to DNA replication and cell division. The family of Period genes (PER1e3) were observed to be part of the auto-regulated feedback loop involved in this process.
There has previously been mixed evidence for whether radiotherapy side-effects are affected by the time of treatment [10] . Noh et al. [11] examined the relationship with radiotherapy treatment time and acute skin toxicity in 395 breast cancer patients. They reported that patients treated in the afternoon had more chance of developing acute skin toxicity (Radiation Therapy Oncology Group grade 2 or more) (P ¼ 0.0088). Bjarnason et al. [12] investigated the relationship of treatment time to grade 3 or more mucositis in head and neck patients treated with radical doses of radiotherapy but failed to show a significant difference between morning and afternoon groups. However, on subgroup analysis, when patients were divided by gender there was a trend that women had enhanced toxicity in the morning, whereas men showed the effect in the afternoon. A gender-specific circadian rhythm response has also been seen for chemotherapy response [13, 14] .
A variable number tandem repeat (VNTR) polymorphism in the PER3 gene has been found to be associated with sleepewake patterns, with the 5 allele associated with morningness [15] . Earlier evidence found that the C allele of rs1801260 SNP in the CLOCK gene was associated with eveningness [16] .
A genome-wide association study for breast cancer sideeffects found an association between adverse reactions and a single nucleotide polymorphism (SNP) in a circadian rhythm gene called Nocturnin (NOCT), which encodes a RNA deadenylase [17] . The SNP was the top hit associated with overall radiosensitivity with a P value of 1.21 Â 10 À6 , which, however, does not meet the conventional significance cut-off for a genome-wide association study. These data led us to investigate potential circadian effects on radiotherapy treatment.
Materials and Methods

Patient Selection and Assessment
All patients were recruited after gaining appropriate consent and ethics approval was granted by the National Health Service research and ethics committee and health research authority.
LeND Cohort
For the assessment of late radiotherapy effects, a group of 664 breast cancer patients previously recruited to the LeND study were assessed as previously described [18e20]. Most patients received 50 Gy of radiation in 25 fractions. Participants were recruited at follow-up oncology clinics from 2008 to 2010 in Leicester, Nottingham and Derby at least 3 years after adjuvant radiotherapy treatment (median follow-up time 62 months). Radiotherapy toxicity was recorded using the Late Effects of Normal Tissue-Subjective Objective Management Analytical (LENT-SOMA) criteria [21] . At the same visit, volunteers donated a blood sample or buccal cheek swab for DNA extraction. Samples of frozen isolated DNA (1 ng/ml) obtained from whole blood were available for volunteers 150e633.
REQUITE Cohort
In total, 343 breast cancer patients were recruited at Leicester Royal Infirmary to the international European Union-funded REQUITE study [22] between 2014 and 2016. All breast cancer patients underwent a wide local excision before adjuvant whole breast radiotherapy. Most patients received 40 Gy of radiation in 15 fractions. Comorbidity data were recorded by the clinical team, with depression being defined as having a clinical diagnosis of depression.
Patients were assessed by a clinician at baseline and again within the last three fractions of radiotherapy to review any acute reactions using an adapted version of the CTCAE v4 scoring system. At the same time as the baseline assessment, a 10 ml sample of fresh whole blood was collected in an EDTA tube. This was transferred to the CIGMR Biobank (Manchester, UK) who isolated DNA using robotic magnetic bead extraction technology. The isolated DNA (20 ng/ml) was then stored at e80 C.
Radiotherapy Timing
Scheduling of radiotherapy treatment in most cases is a result of department capacity and patient request. At the Leicester Royal Infirmary, radiotherapy records were reviewed to obtain the time of treatment for every fraction received. Patients with more than 66% of their radiotherapy before noon were classified as morning treatment; patients who received more than 66% after noon were classified as afternoon treatment; those falling outside these criteria were classified as a mixed group.
Radiotherapy had been delivered in Leicester, UK, which is at latitude 52.6 N and has daylight savings time. For the purposes of this analysis, seasons were grouped around the solstices, with the darkest half of the year being 20 September to 20 March and the lightest half of the year being 21 March to 19 September.
DNA Analysis
Of the 664 LeND patients, DNA was available for genotyping on 508 patients. In the REQUITE cohort, DNA was available for genotyping in 324 of 343 patients.
PER3
In both cohorts, the PER3 VNTR region was amplified by polymerase chain reaction (PCR) and agarose gel electrophoresis was carried out. The two alleles are differentiated by an extra 56 bp repeat in the 5 allele: 4/4 VNTR showed a single band at 639 bp, 4/5 genotype showed two bands at 639 and 685 bp 5/5 VNTR showed a single band at 685 bp.
In the LeND cohort, PCR for PER3 VNTR was successful in 476 patients; in the remaining 32 samples there was inadequate DNA to produce reliable results. In total, 225 patients were 4/4, 191 patients were 4/5 and the remaining 60 patients 5/5 genotype.
In the REQUITE cohort, PCR was successful in 309 patients. In total, 140 patients were found to have 4/4, 136 4/5 and the remaining 33 patients were 5/5 genotype. Genotyping results were tested and found to be in HardyeWeinberg equilibrium.
NOCT rs13116075
NOCT rs13116075 was genotyped by Taqman assay. Supplementary Figure S1 shows the plots that resulted from this assay.
In the LeND cohort, PCR for NOCT rs13116075 was successful in 466 patients; in the remaining 42 samples there was inadequate DNA to produce reliable results. In total, 317 patients were AA, 141 were AG and the remaining eight were GG genotypes. In the REQUITE cohort, genotyping was successful in 323 patients; the remaining one patient sample failed to produce reliable results. Genotyping revealed that 233 patients were AA, 80 were AG and 10 were GG. Genotype frequencies were found to be in HardyeWeinberg equilibrium.
CLOCK rs1801260
CLOCK rs1801260 was genotyped by Taqman assay in just the REQUITE cohort. Supplementary Figure S2 shows the plots that resulted from this assay.
Statistical Analysis
For acute toxicity (in REQUITE) breast erythema was taken as a surrogate marker of overall acute toxicity. Any baseline score was deducted from the score assessed within the last three fractions of radiotherapy to give a corrected acute toxicity score.
Late toxicity (in LeND) was assessed using Bivariate STAT score. Use of the STAT score was described by Barnett et al. [17] and has been used previously as a dichotomised variable [18] . In brief, a Z score was calculated for each patient and all toxicity end points (i.e. fibrosis, telangiectasia, atrophy, oedema) (Z ¼ [score e mean score]/standard deviation for the whole population). A STAT score can then be calculated as an average of the patient Z scores. The population are then divided into upper quartile and lower threequarters to form a bivariate STAT score.
Statistical analysis was carried out using IBM SPSS version 24. Differences in categorical variables were analysed by chi-squared test. Multivariable analysis was carried out using logistic regression. Covariates were selected by bidirectional elimination.
Results
Radiotherapy Treatment Time The LeND Cohort
In total, 664 women were enrolled in the LeND cohort and of these radiotherapy treatment time was available for 536 patients. Of those with no data, 75 were recruited in subsites and 53 received radiotherapy before computerised records became available in 1998. Patients were grouped according to treatment time: 185 patients (34.5%) received radiotherapy mainly in the morning, 170 patients (31.7%) received radiotherapy mainly in the afternoon and 181 (33.8%) had a mix of treatment times. Patients received either 45 Gy X-rays in 20 fractions or 50 Gy in 25 fractions. Seventy-six patients received a 9e15 Gy electron boost in three to five fractions. Baseline characteristics for these patients by group are shown in Table 1 . Chi-squared testing for categorical variables and ANOVA testing for continuous variables revealed that none of these baseline characteristics was significantly different between the treatment time groups. The only exception was if the mixed group were excluded from the analysis, then significantly more patients received a boost in the morning compared with the afternoon (P ¼ 0.04).
Late toxicity (bivariate STAT score) was available on 536 of the patients. Univariate analysis using a chi-squared test was carried out and showed a significantly increased frequency of toxicity in patients treated in the mornings: 29.2% of the morning treatment group had high toxicity compared with 21.1% of the afternoon group and 17.7% of the mixed group (P ¼ 0.03). Multivariable analysis was carried out using logistic regression and radiotherapy treatment time remained significant (P ¼ 0.01). Results are summarised in Table 2 . An interaction term for boost Â treatment time was included due to the difference between the groups in the proportion receiving boosts.
REQUITE Cohort Baseline Tumour, Patient and Treatment Data
Radiotherapy treatment time was available for 343 of the REQUITE Leicester breast cohort. In total, 111 patients (32.4%) received radiotherapy in the morning, 152 were treated in the afternoon (44.3%) and 80 (23.3%) received a mix of morning and afternoon treatment. Table 3 summarises the baseline characteristics of the tumour, patient and treatment between the treatment times. Chi-squared testing for categorical variables and ANOVA testing for continuous variables revealed that significantly more patients in the morning group received a boost (P ¼ 0.01) and had higher grade tumours (P ¼ 0.01) compared with the afternoon and mixed groups.
Acute breast erythema score was available on 331 of the study participants. Univariate analysis using a chi-squared test was carried out and showed a significantly increased toxicity rate in patients treated in the mornings: 23.6% of patients had grade 2 or more erythema in the morning group compared with 11.0% in the afternoon group and 19.0% in the mixed group (P ¼ 0.03). Removal of the mixed treatment time group from the analysis resulted in a P value of 7.0 Â 10 À3 . Multivariable analysis was carried out using logistic regression and radiotherapy treatment time was not significant (P ¼ 0.28). Results are summarised in Table 4 .
Genetic Variants as Effect Modifier
We tested if the time-of-day effect is modified by candidate polymorphisms in circadian rhythm genes, including SNPs in the CLOCK and NOCT genes and a VNTR in the PER3 gene.
LeND Cohort
There was no significant direct relationship between PER3 VNTR and late toxicity (bivariate STAT score). Taking the time of radiotherapy into consideration showed a significant effect of PER3 VNTR on late toxicity, with 4/4 PER3 VNTR being associated with increased toxicity if treated in the morning compared with the afternoon (P ¼ 6.0 Â 10 À3 ) ( Table 5) . A Bonferroni correction for six tests (based on six genotypes in Table 5 ) would give a P value of 0.036.
There was no significant direct relationship with NOC rs13116075 and late toxicity (bivariate STAT score). Taking the time of radiotherapy treatment into consideration showed a significant effect of NOC rs13116075 on late toxicity. Patients carrying the AA NOC rs13116075 genotype had increased toxicity if treated in the mornings (P ¼ 5.0 Â 10 À3 ) ( Table 5) . A Bonferroni correction for six tests would give a P value of 0.03.
Combination of PER3 VNTR and NOCT rs13116075 genotypes had no significant direct effect on late radiotherapy toxicity. However, taking the time of radiotherapy treatment into consideration showed a significant effect of NOCT rs13116075 and PER3 VNTR on late toxicity. Patients with AA NOCT rs13116075 genotype and 4/4 PER3 VNTR had increased late radiotherapy toxicity if treated in the mornings (P ¼ 4.5 Â 10 À4 ) (data not shown). 
REQUITE Cohort
There was no association between PER3 VNTR genotype and acute toxicity score in the 294 patients with data available for both (P ¼ 0.79). Taking the time of radiotherapy treatment into consideration showed no significant effect of PER3 VNTR on acute toxicity with any of the genotypes (Table 6) . If the mixed treatment time group was excluded from the analysis, patients with 4/5 PER3 VNTR had increased acute toxicity with morning compared with afternoon treatment (P ¼ 0.02).
Acute toxicity score was available for 308 of the 323 breast patients, with genotyping data available for NOC rs13116075. The NOC rs13116075 AG genotype was significantly associated with increased toxicity (P ¼ 0.04), but not after applying a correction for multiple testing. The other genotypes were not related to toxicity.
Taking the time of radiotherapy treatment into consideration showed no significant effect of NOC rs13116075 (Table 6 ) on acute toxicity with any of the genotypes. If the mixed treatment time group was excluded from the analysis, patients with AG NOC rs13116075 had increased acute toxicity in the mornings (P ¼ 0.04). A Bonferroni correction for eight tests would render these results non-significant.
Combination of PER3 VNTR and NOCT rs13116075 had no direct association with increased late toxicity. Nor was there any evidence of the combination modifying the time-of-day effect on toxicity score. There was no effect of CLOCK genotype in any analysis.
Discussion
In this study we found some evidence that breast cancer patients treated in the morning had worse radiotherapy side-effects than those treated in the afternoon.
These results are in contrast with some earlier studies [10, 11] , but the differences are probably due to differences in the gender of patients, irradiated tissue type, geographical latitude, allocation of time groups and methods of booking patients into radiotherapy.
To enable the reduction of side-effects while maintaining activity in radiotherapy suites over the whole day it is necessary to be able to predict which patients would benefit from having their treatment delivered at a defined time of day (chronotherapy). To that end we carried out genotyping for some candidate circadian rhythm polymorphisms and found that the circadian effect was strongest in individuals who were homozygous for the PER3 4 repeat or NOCT A alleles. Importantly, these alleles were not found to be directly associated with radiotherapy toxicity in this study, but only to potentiate the time-of-day effect. It is possible that larger studies would find a direct association, as the NOCT SNP was previously found to be associated with overall toxicity by genome-wide association study. The PER group of genes are intimately connected with the control and timing of keratinocyte division [7] . Nocturnin has been shown to affect the proliferation of adipocytes, an important cell type in the breast [23] .
There are several potential physiological mechanisms to explain how time could affect reactions to irradiation, e.g. melatonin, cortisol, inflammatory factors or cell proliferation/DNA damage. Melatonin has antioxidant properties [24] , has been shown to be radioprotective in mice [25] and reduce oral mucositis in irradiated rats [26] . Cortisol levels can be used as a marker of stress and can affect inflammatory markers [27] . Cortisol levels can influence the rate of cell division and may be associated with possible increased cellular division of skin in the morning compared with later in the day [28] .
Many clinical studies have shown a weak association between acute and late toxicity, with some making a distinction between consequential and non-consequential late effects [29] . Therefore, the fact that the time-of-day effect is the same in the present study for acute and late toxicity may give a clue to the mechanism. Future work will determine how the cell cycle of keratinocytes and fibroblasts responds to circadian rhythms.
There were several limitations of this study. First, the study was conducted at a single centre and therefore the generalisability of the results will not be known until replicated at other centres. Second, acute and late toxicity were assessed in different cohorts who received radiotherapy in different calendar years with different radiotherapy protocols, which complicates interpretation and adjustment for multiple testing. Added to this is that the LeND cohort was collected retrospectively, meaning no assessment was possible of tissue changes from baseline. This will be remedied when late toxicity data become available for the REQUITE cohort. Acute toxicity in the REQUITE cohort was recorded before the end of radiotherapy, so will have missed manifestations occurring some weeks later. Third, the cohort sizes limit the statistical power to detect effects; larger cohorts are needed to confirm the data.
These genetic data potentially open the possibility of a simple test to identify the patients who would benefit from receiving their treatment in the afternoon, whereas the remaining patients could be treated at any time. This approach will need to be verified using a clinical trial that randomises between a group in which patients choose their own treatment time and a chronotherapy group. This virtually cost-free intervention would be predicted to reduce sideeffects and improve quality of life for breast cancer survivors.
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